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SIMIARY 

A mathematical analysis of plate-type inter cooler design has 
teen made for both turbulent and laminar flow. Charts are presented 
that show how the plate-type intercooler volume, weight, plate area, 
frontal area, and linear dimensions can he varied without changing 
the intercooler operating conditions. The relations between the 
intercooler operating conditions and the intercooler dimensional 
characteristics and weight are also given. 

The charts show that a large reduction in intercooler volume 
can be achieved with no change in intercooler operating conditions 
by reduction of the spacings between the plates and reduction of 
the dimensions in tho directions of the charge-air and cooling-air 
flowa. The dimension at right angles to the flow directions, how- 
ever, is increased. 

A plate- type intercooler unit having plates spaced 0.025 inch 
was tested to check the validity of the heat-transfer and pressure- 
drop theories for air flow between very closely spaced plates. The 
theoretical and experimental results were in close agreement. For 
the same operating conditions this intercooler has approximately 
one-third the volume of the smallest commercial intercooler for 
which data could bo found. 



INTRODUCTION 

The current increases in engine power and critical altitude 
are accompanied by greater demands for charge-air cooling. These 
demands can be met either by . increasing the . intercooler volume or 
by improving the cooling accomplished per unit intercooler volume. 
Inasmuch as the volume and shape of an intercooler is limited by 
the available 3pace, the designer, in order to meet a specified 
set of operating conditions and installation requirements, may 
find it necessary to consider revisions of the internal structure 
of the intercooler. 
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A largo member of plate-typo intercoolers can be designed 
for a given performance, such as given weight flows, pressure 
drops, densities, and inlet and outlet temperatures of the charge 
and cooling air. These intercoolers will differ in size, shape, 
and weight, and it is the purpose of this paper to show the rela- 
tions between these factors and the plate spacings. These rela- 
tions indicate how intercocler size may be either reduced or ad- 
justed tc the available space. 

A plate-type intercooler having spaces of 0.025 inch between 
adjacent plates and having a length of 2.50 inches in the direction 
of cooling-air flow and 4.30 inches in the direction of charge-air 
flow was tested, and the results are presented herein. In order 
to reduce the plate deflections in actual intercooler operation 
due to the pressure difference between the charge air and the cool- 
ing air across each plate, the plates were curved in the direction 
Of cooling-air flow with a radius of 3.5 inches. This intercooler 
test unit does not represent an optimum design; it was built and 
tested merely to check the theoretical heat-transfer and pressure- 
drop equations presented in this report. 

This work was done by the I7ACA at the Langley Memorial Aero- 
nautical Laboratory at .Langley 7ield, Ya., in 1941. 



SYMBOLS 



M weight rate of air flow, pounds per second 

I length of flow passage measured in direction of flew, 
feet (or inches where designated) 

s plate spacing (perpendicular distance between adja- 
cent faces of adjacent plates), feet (or inches 
where designated) 

d equivalent diameter of flow passages (four times cross 
section divided by vetted perimeter), feet 

r ratio of equivalent diameter of passages formed by 
parallel flat plates of infinite width to equiva- 
lent diameter of flow passages (2s/d) 



t 



plate thickness, feet (or inches where designated) 



c 
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density of plate material, pounds per cubic foot 

w intercooler width measured in no- flow direction, 
feet (or inches where designated) 

N one-half total number of intercooler plates 

v intercooler volume, cubic feet (or cubic inches 
where designated) 

A f core face area at right angles to cooling-air flow 
(frontal area), square feet (or square inches 
where designated) 

f ratio of total cross-sectional-flow area to area of 
core face 

W intercooler weight, pounds 

n number of separators between adjacent plates 

E« separator fin effectiveness 

2 g length of flow passage in contact with separators of 
adjacent passage (measured in direction of flow), 
feet 

A cooling-air effective heat-transfer area, square feet 

-*• i 

< aw t k - > S2 * - I \ 

I - : ) 

A s charge-air effective heat-tran3f er area, square feet 

f r n « i 

I L 1 J J 

h surface heat-transfer coefficient, Btu per second 
per square foot per °F 

over-all effective heat- transfer area, square feet 

U over-all heat-transfer coefficient based on over-all 
effective heat-transfer area, Btu per second per 
square foot per °F 



S total plate area, square feet (or square inches where 
designated) (2N2_ 2 J 

V velocity of air flow, feet per second 

E Reynolds number of air flow "based on equivalent 
diameter 

Ap skin- friction pressure drop of air in intercooier, 
inches of water 

Ap 0 pressure drop corresponding to entrance- exit losses 
including vena- contra eta loss, inches of water 

Ap pressure drop of air due to change in velocity dis- 
tribution in Intercooier channels, inches of water 

Ap pressure change of air due to the momentum change 

caused by heat exchange in intercooier, inches of 
water * 

Ap total pressure drop of air across intercooier, 
inches of water 

P power required to force air through intercooier, 
horsepower 

p air density, pounds per cubic foot 

p^ standard atmospheric density (0.0765 lb/cu ft) 

a density of air relative to standard atmosphere (p/p ) 

c specific heat of air at constant pressure (0.24 Btu 
per pound per °F) 

k thermal conductivity of air, Btu per second per 
square foot per °F gradient per foot 

|i absolute viscosity of air, pounds per second per foot 

(3 ratio of change in temperature of air in. passing 

through intercooier to absolute temperature of air 
at intercooier entrance 
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i] cooling effectiveness } ratio of temperature drop of 

charge air to temperature difference "between charge 
air and cooling air at entrance 

Subscripts: 

1 cooling air 

2 charge air 

av average condition in intercooler 

o reference intercooler (except in p ) 

Symbols with subscript o are primed to indicate laminar flow. 

Throughout this paper the term "operating conditions' 1 refers 
to a set of values that include t), M } M . cr Ap , and. 

1 2 1. -L 

av i 

a 2 Ap f . 

av 2 

The following parameters are used in this paper: 
K 1 = A x /S 
Ko = A 0 /S 



2 



J 2 



<* 1 



L 2 = J 3/ K 3 



M, a, APf 
av l 



M 2 a 2 Ap f 
av 2 
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ANALYSIS 

Heat-Transfer and Pressure-Drop Equations 

It is convenient to express the cooling provided "by an inter- 
cooler in tenia of a factor ij, called the cooling effectiveness. 
The cooling effectiveness is defined as the ratio of the drop in 
charge-air temperature to the difference het-.reen the charge-air 
and' cooling-air temperatures at the intercooler entrances. 

In reference 1 it is shown that the cooling effectiveness may 
he written as a function of M /M , and UA r /M 2 c that is, 

1 2 

n * * I --, i ^ 



V M 2 ^ 

Curves shoving this relationship for cross-flow heat exchangers 
were ohtained from Nus self s analysis (reference 2) and. are shown 
in figure 1. 

The total pressure drop across an intercooler nay he considered 
as the sum of the pressure changes arising from the following 
sources : 

1. Surface-friction loss 

2. Entrance-exit loss 

3. Velocity-profile loss 

4. Momentum change accompanying heat exchange 

The Burface-friction pressure-drop relationships for hoth 
turhvlent and laminar flow are given in reference 3. These 
relationships may be expressed in the notation of tMs paper 
as follows: 

For turbulent flow, 

O ft. - /l^'^r? ( P V) 2 1 (2) 

°av " yl0.^p o ) \ H ) " 
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For laminar flow, 



a 




o s 



PVr i 



(3) 



The entrance-exit loss includes (l) the conversion of static 
pressure into dynamic pressure at the entrance according to 
Bernoulli's equation, (2) the vena-contracta loss occurring im- 
mediately after the air enters the inter cooler passages, and (3) 
the recovery in static pressure at the exit due to momentum change. 
The velocity-profile loss is caused by the change in velocity dis- 
tribution of the air as it flows through the intercooler passages. 
The heating loss or gain is caused "by the momentum change of the 
air flowing through the intercooler passages as a result of the 
density changes accompanying the transfer of heat. This heating 
loss or gain should not he confused with the effect of heating on 
the surface-friction loss, as this effect is accounted for by as- 
signing the proper value of cr in the surf ace-friction equations. 
For an intercooler with blunt entrance and exit sections, the 
entrance-exit loss, velocity-prof ile loss, and heating loss or 
gain may be expressed in terms of the turf ace-friction loss: 

Entrance-exit loss . - 
For turbulent flow, 




For laminar flcv, 




2.8 f + 1.5) 
96 J_ 
2s 



(5) 



Velocity-profile loss.- 



For turbulent flow, 
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APrr p0.2 

— I = 0.46 £ 

Ap^. rZ 
2s 

For laminar flow 



E_ 

Ap„ " 175 Z 
2s 



(7) 



Heating loss or gain.- 
For turbulent flow, 



APtT 



= 10.2P 



0.2 



2s 



(8) 



For laminar flow, 



Ap 



4G _Z_ 
2s 



f 7- 



(9) 



Equations (8) and (9) apply when the pres sure drop throug h 
the intercooler is small compared with the absolute pressure. At 
extreme altitudes this condition may hot hold and a correction 
should he applied for the effect of change in pressure on the 
velocity of the cooling air as it passes through the intercooler. 

Of these losses, only the surface-friction loss is necessary 
for the transfer of heat, this transfer "being accomplished most 
efficiently (that is, with minimum surface-friction loss) for 
flow through a smooth channel. By mean3 of properly shaped inter- 
cooler entrance and exit sections, the entrance-exit loss can "be 
avoided and the velocity-profile and heating losses reduced. 

In the design charts and equations, only the surface-friction 
pressure drop is considered. This pressure drop is very nearly 
equal to the total pressure drop for intercoolers with streamlined 
entrance and exit sections; for intercoolers with "blunt entrance 
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and exit sections, the surface-friction pressure drop is in most 

cases thy largest part of the total pressure Irop, For an inter- 
cooler vith "blunt entr&ELCa and er.Jt sections, the entrance- exit 
loss, velocity-profile lOBSj and heating loss or gain can he 
determined from equations (4} to (9), or from tahle I, and can 
he added to the surface- friction loss to give the total pressure 
drop across the intercooler. 

The heat- transfer relationships for turhulent flow are given 
in reference 3 and for laminar flow, in reference 4. These rela- 
tionships may he expressed as follows: 

For turhulent flow, 

1 4 

£2 = 0.C172 r f (^y (10) 



For laminar flow, 

U = 3.8r (11) 



From equation (1) and the pressure-drop and heat-transfer 
equations, relations are derived in appendix A hetween the dimen- 
sions and weight of a plate-type intercooler and the operating 
conditions. For any given set of operating conditions, a different 
intercooler is ohtained for each plate spacing. These intercoolers 
differ in size, shape, and weight. For a given set of operating 
conditions, the smaller the plate spacing the smaller are the 
intercooler volume and the dimensions in the flow directions and 
the larger is the dimension in the no- flow direction. 

The following plan is used in the presentation of the rela- 
tions derived in appendix A. 

1. Equations and charts are given for the determination of 
the dimensions of a roference intercooler which is defined in 
this paper as one in which the plate spacings are equal to a 
reference spacing. The values of the reference plate spacings 
chosen in this paper are 0.25 inch for turhulent flow and 0.10 
inch for laminar flow. For convenience, the reference intercooler 
is further characterized by the conditions that the plate thick- 
ness is zero and that the effect of the separator strips is neg- 
lected. 
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2. Equations and charts are then presented that show how 
the intercooler lae j he alocred ir. tize, shape , and weight as the 
plate spacings are reduced and the plate thickness is increased 
with respect to the values of plate spacings and plate thickness 
chosen for the reference intercooler. 

3. Corrections for the effect of plate separator strips 
are given in table II. 



Dimensional Characteristics and height of Reference 

Intercooler a3 Functions of Operation Conditions 

The following equations are obtained from the equations in 
appendix A for the conditions of the reference intercooler; 
namely, s « e = 0,25 inch, s < = s 0 ■ = 0.10 inch, t = 0, 
A o 0 o c, o 7 

and JaEsLeh The physical properties k and \i of air 
are evaluated at 100° F. These equations together with figure 1 
give the dimensional characteristics and the weight of the refer- 
ence intercooler for asy given set of operating conditions. Only 
the cases in which the flows in each passage are either "both 
turbulent or both laninar are considered. 

For turbulent flow, 



M 2 Pv? K 8 1(5 ^ M 2 C n 



MaC_ ' O- Ap.p If 



o 



v o " G i G o (13) 
o 



3 > -5 9 

10.93 e tl U Ap^Y 5 f S oY 



s 2 x o V av f fo ] ^C"/ 0-4) 

o 



2 /s M 



-° 9 © (15) 



o o 



For laminar flow, 



S ' W ' / 
= 31,800 a. ' I - 



Ma Pm 11 M : 



O \ 3 P 



V <• = s. ' S • 
o 1 Q O 



£_= 205.5 ( s. M a ('a 2 A Pf X ff — 

' 2 

O 

_2 °- =_ 9 2 

l 2 «/s 2 « 
o o 

o_ o 

o o 
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Variation of Intercooler Dimensional Characteristics 

and Weight for Constant Operating Conditions 

The variation in the dimensional characteristics and. the 
weight of a plate-type intercooler as the plate spacings and the 
plate thickness vary from the reference values is given for any 
given set of operating conditions hy the following equations: 

For turbulent flow, 



S _ W 



fa \ 



\ x o / 



7 
5 



1 + 0 ▼ 



(24) 



l 



The factor ( — ) + 0 in equation (24) can be 



shown to "be equal to 



1 + i ~- I 



i 1 + 0 ] within 1 



to 2 percent 



for values of 0 at which intercoolors operate. Thus equation 
(24) reduces to 



S o W 0 W 



i + 1 



ill 



(25) 



Also, 



v 

V 



S, A 2 



1 / 
0 



2s 



(26) 



15 



.8 -15 



jl = f±\ 7 fh.} ? (2) T " (I. + A- + £) (27) 



fB\ ( 



9 1 
T2i > B J* 



x o x o 1 o 



Vy . A^V 4 *y* 

0 0 o 



-M (20) 



ii.(af(lf(i + i + .l) 



For laminar flow, 



(29) 



(30) 



-±L = — = ft + a.) (3D 



V 



V /l 



i:, fi + is. + 

2b ' \2 2s s ; 
i ii 



(32) 



V 



\ s i 0 7 V V v - 2 2s i V 



(33) 
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Corrections for Separator Strips 

In table II factors are tabulated that, when multiplied by 
the weight and the dimensional characteristics of a plate- type 
intercooler as calculated from equations (12) to (36) , give the 
intercooler weight and the dimensional characteristics corrected 
for the effect of plate-separator strips . These correction factors 
are given in terms of r, J, K, L, ty^, and \|/^, where r, J, 
Ej and L are defined under symbols and \}/^ and ty* are defined 
as follows: 



JL -2 -1 £ 2 

^ +9 (jj Uri 



2 : o 



( 



(37) 



When 9, T z/ T \> ^1/^2^ an( ^ ^2/^1' do not differ appreciably 
from unity, a close approximation for \[' ^ is given by 



Also , 



2K T 



I 7 

14? 

L 7 r 7 j 

1 1 

5 

2K 7 
1 



a, \ 
tK, 1 + — 



(38) 



(39) 
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Fnen ^ 2 / r i and 30 not differ appreciably from unity, a 

close approximation for y T is given by 



2 \ r K 
\ l l 



(40) 



2 Z 



Inter cooler Charts 

Equations (25) to (50) for turbulent flow are plotted in 

figure 2 and equations (31) to (36) j for laminar flow, are plotted 

in figure 3. The reference-plate spacir_g3 chosen for these plots 

are s, = s P =0.25 inch for the case of turbulent flow and 
1 o 2 o 

s 1 T =s 2 T =0.10 inoh for the case of laminar flow. These plots 
o o 

we 1*6 calculated for b^Sj, = 1.00 and 0,50 and for t = 0, 0.01, 
and 0.02 inch. The curves In these figures give directly, for any 
given set of operating conditions, the change in intercooler dimen- 
sional characteristics and in weight when the plate spacings are 
changed from 0.25 inch for turbulent flow and 0.10 inch for laminar 
flow. The effect of variation in plate thichne3S may also he obtaine- 
from these figures. 

Figure 4(a), plotted, from equations (l) and (12) for s« = 0.25 
^ o 
inch, and figure 4(b), plotted from equations (1) and (13) for 
eu 1 =0.10 inch, give the relation between reference- inter cooler 
o 

plate area and operating conditions. Figure 5(a), plotted from 

equation (14) for s = 0.25 inch, and figure 5(b) , plotted from 

o 

equation (20) for s 1 T =0.10 inch, present for a reference inter- 

o 

cooler the relation between charge-air length- spacing ratio and 
plate area for various values of charge-air pressure drop. From 
the values of plate area and charge-air length- spacing ratio obtained 
from figures 4 and 5 the other dimensional characteristics and the 
weight of a reference intercooler can be readily calculated by the 
use of the equations previously given. A sample computation in which 
a plate- type intercooler is designed from the information presented 
in this report is given in appendix B. Figure 6 gives, for a given 
set of operating conditions, the variation in plate-type intercooler 
dimensions and weight with plate spacing. 
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APPARAffOS AND METHODS 



An intercooler unit having closely spaced plates vas tested 
for the purpose of providing some experimental data with which to 
check the results of the analysis. Figure 7 i3 a photograph of 
the test assembly used in this work. The test equipment consisted 
essentially of a centrifugal blower driven by a Ford Y-S engine, 
an intercooler test unit, an electric air heater, thermocouples, 
manometers, air- flow meas^ing orifices, a potentiometer, and a 
multiple- switch "box. The charge air and the cooling air were 
drawn through the intercooler by the blower, the relative quanti- 
ties of the two air flows being controlled by valves as shorn in 
the figure. 

The charge air was heated electrically by units encased in 
a thermally insulated drum, situated above the intercooler test 
unit. Entrance arid exit temperatures were measured with iron- 
corstantan thermocouples. At each entrance and exit four thermo- 
couples were distributed diagonally across the rectangular flow 
section to obtain average temperatures of the two air streams. 
In each exit channel, an extra set of four thermocouples was ex- 
tended across the channel in a row parallel to and downstream 
from a slot between two baffle plates, as shown in figure 3. 
These extra sets were installed to determine the advisability 
of mixing the exit air before measuring its temperature. It was 
found, however, that a better heat balance between the warmed 
and cooled air was obtained with exit temperatures measured up- 
stream from the baffles. These upstream temperature values were 
consequently used to determine the performance of the intercooler 
unit. The use of such baffles in intercooler test work is not 
condemned because of these observations, but it is believed rather 
that this subject should be investigated further. As shown in 
figure 8, baffles were placed upstream from the charge- entrance 
sot of thermocouples to insure a uniform temperature distribution 
of the charge air before it entered the intercooler. Tests made 
both with and without these baffles showed no noticeable change in 
the performance of the test unit in either pressure drop or cool- 
ing. It is not concluded, however, that the baffles would have 
no effect for all flow conditions. 

The four thermocouples of each set were connected in series 
and the cold junctions were placed in the multiple-switch box, 
which also served as a cold- junction box. The temperature indi- 
cations thus obtained were four times the average. 
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Air-weight-flow measurements were made by means of flange- 
tap orifice plates in accordance with the procedure outlined by 
the American Society of Mechanical Engineers (reference 5). 

A static pressure tap was situated on each side of the rec- 
tangular entrance or exit section where there could be no inter- 
ference by thermocouples or their supports (fig. 8). The four 
taps of each flow section were connected to a common tube that 
led to a manometer. All taps were situated about 1 inch from the 
intercooler test unit. 

The intercooler test unit consisted of 35 brass heat-transfer 
plates - each 4.30 inches long, 2.30 inches wide, and 0.008 inch 
thick - and two end plates of the same length and width but of 
0.038 inch thickness. (See figs. 9 and 10.) These plates were 
separated by suitably arranged separators that provided alternate 
passages for the cross flow of the charge air and the cooling air. 
In the tests the charge air flowed along the length of the plates 
and the cooling air flowed along the width of the plates. The 
intercooler end separators were 0.25 inch wide and 0.024 inch 
thick and the intermediate separators were of the same thickness 
and of 0.125 inch width. The intermediate separators were ar- 
ranged as follows: one row through the center of the charge-air 
passages and three rows equally spaced through the cooling-air 
passages, as shown in figures 9 and 10. Each plate was curved 
to a radius of curvature of 3.5 inches about an axis parallel 
to the plate length. The intermediate separators and the curva- 
ture were used to reduce the bending of the plates under the 
pressure that would be encountered in actual intercooler opera- 
tion. 

Before assembly, all separators and plate- contact surfaces 
were tinned with soft solder. The plates and the separators 
were then assembled in a jig together with aluminum strips 0.022 
inch thick. These strips were placed in the air spaces between 
the separators in order that pressure could be applied equally 
on all contact surfaces. This assembly, under pressure in the 
jig, was subjected to a temperature of about 460° F in an oven 
for about 20 minutes. The unit was then allowed to cool in the 
oven for about one hour before removal. After the unit had 
cooled, the aluminum strips were withdrawn from the air pas- 
sages. The average thickness of the air spaces was then 
determined as 0.0248 inch for the charge-air passages and 
0.0243 inch for the cooling-air passages. 
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Previously, tests had "been made with a similar intercooler 
unit having 0.006 inch plates to determine the amount of pressure 
required to bend the plates appreciably. Pressure was applied to 
one set of air passages and the order of magnitude of the plate 
deflection was estimated in the other set of air passages "by means 
of a feeler strip 0.020 inch thick. Under a gage pressure of 30 
inches of mercury no noticeable resistance to the motion of the 
feeler in the passages was observed. When the gage pressure was 
increased to 40 inches of mercur; ; ;, an appreciable resistance to 
the feeler-strip motion was detected. It was therefore decided 
to increase the plate thickness of the intercooler unit to be 
tested to 0.000 inch. Ho recommendations can be made in this 
paper with regard to the proper distance between plate separators, 
the plate thickness, and the place curve.ture necessary for ade- 
quate plate strength. This information should be obtained from 
endurance tests. 

The intercooler unit was placed in a cross-flow duct as 
shown in figures 7 and 3. The entire duct and thermocouple 
assembly was thermally insulated from, the surrounding atmosphere. 
This insulation is not shown in the figures. 

The intercooler test conditions covered are given in table 
III. For each test condition the charge-air and the cooling-air 
weight flows and the charge-air and cooling-air temperatures and 
pressures at the intercooler entrance and exit sections were 
measured. 



DISCUSSION AND RESULTS 

Charts of Intercooler Characteristics 

Figures 2 and 3 show how the plate area, the weight, the 
volume, the frontal area, and the linear dimensions of a plate- 
type intercooler vary with plate spacings and plate thickness 
when the intercooler operating conditions remain constant. Al- 
though the effect of plate separators is not accounted for in 
figures 2 and 3, the trends indicated should be substantially 
correct because, for a given separator width and arrangement, 
the effect of plate separators does not appreciably vary with 
change in plate spacings or plate thicknoss. It is seen from 
fig-ores 2 and 3 that, for both turbulent and laminar flow, a 
reduction in plate spacing results in a decrease in both inter- 
cooler volume and weight when the intercooler operating conditions 
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remain constant. This decrease in intercooler volume and weight 
is attained, however, at the expense of a large increase in inter- 
cooler width and a slight increase in intercooler frontal aroa. 



It can be shown "by means of equations (25) , (27), (32), and 
(33) that the minimum width per unit intercooler vol vane is ob- 
tained when Sg/s^^ = 1.00. This fact is illustrated in figures 

2 and 3 where it is seen that, for a given volume, the case in 

which s /s =1.00 provides a smaller intercooler width than doe3 
2 7 i * 

the case in which s 2 /s 1 = 0.5C. The difference in width per unit 
intercooler volume la small, however, and little sacrifice in 
width will be made by use of B ^/ B 1 ~ 0.50 if tMa ratio gives 

an intercooler, proportions of which better fit the space require- 
ments. For equal volumes the case for Bg/s. = 0.50 provides a 



smaller kf 



ana 



and a larger s, 



and I than does 



. 2 0 _ _ a 

the case for = 1-00. For example, for v/v Q = 0.50 and 

t m 0.C1 inch, figure 2(a), which applies for the case of tur- 
bulent flow gives 



Values for 



1.00 



0.50 



B , inch 



S ^ inch 



w/w Q 
Af/A t 



\J/\J 0 



0.13 
.13 

2.35 
.47 
.47 

1.03 
.80 
.83 



C.18 
.09 

2.50 
.65 
.31 
.79 
.87 
.37 
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Figures 2 and 3, although plotted for reference-plate spac- 
ings equal to 0.25 and 0.10 inch, respectively, and for zero 
reference-plate thickness, can also he used for other values of 
reference-plate spacings and plate thickness. For example, let 
it "be required to find the change in intercooler volume caused 
"by the change in plate spacings q 1 and s 2 from 0.15 inch to 
0.05 inch if the intercooler operating conditions remain constant. 
The intercooler plates are 0.01 inch thick and the air flows are 
assumed to "be turbulent. From figure 2(a) , 



^ = 0.17 

V 

o 



V °' 15 = 0.57 

v 

o 



Q.Q5 0,17 
0.b7 

0. 15 



The volume is then reduced to 30 percent of its initial value. 

It is seen in figure 4 that, for laminar flow, the reference- 
intercooler plate area is a function of t], M x , and K 2 and 
that, for turbulent flow, it ip, in a:" lit ion, a function of 
& Ap f and cr^ Ap. p . Equations (13), (25), and (26) for 

av " i av ^ 2 

turbulent flow and equations (19) and (o2) for laminar flow show 
that, for given plate Bpaniogs aoft plaio thickness, the inter- 
cooler volume is proportional to fhs - Late area* Figure 4, to- 
gether with figure Z and 3, can then b:> used to ce&pare turbulent 
and laminar flow on the basis of itrbereooler volume, For example, 
a comparison at s x = s 2 = 0,10 inch and t= 0.01 inch is made as 
follows : 

From figure 2(a) for s = 0.10 inch and t = 0.01 inch, 
v/v Q - 0 t 3S for turbulent flay, The ordinates in figure 4(a) 
are multiplied by this ratio. From figure 3(a) for s 1 = 0.10 
inch and t - 0,01 inch v/v Q = 1,10 for laminar flow. The 
ordinates in figure 4(b) aro multiplied "by this ratio. 
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The results of this procedure are now directly comparable on 
the basis of intercooler vdLuiiie, These results show that, for 
the range of operating conditions covered in figure 4, the inter- 
cooler volume for the sane operating conditions is much smaller 
for turbulent flow than for laminar flow when s x = 0.10 inch 
and = 1.00 or 0.50. Table IV shows a comparison of the 

intercooler volumes for turbulent and for laminar flow at 
0, ■ 0.05 inch and S /s =1.00 and 0.50 and for a &m* = 6 

inches of water and 9 = 0.25. For these conditions it is noted 
that the intercooler volume for laminar flow may be greater or 
less than that for turbulent flow, depending on the operating 
conditions. The intercooler volume for l?<minar flow tends to 
approach that for turbulent flow as g is reduced. For any 

given set of operating conditions a value of b. may be reached 
at which the two volumes are the same and below which the volume 
for laminar flow is legs than the volume for turbulent flow. 

Figure 5 gives the relation between plate area, and charge- 
air length- spacing ratio for a reference intercooler whose 
reference-plate epacings are 0.25 inch for turbulent flow and 
0.10 inch for laminar flow. 



As a further illustration of the effect of type of flow 
fend of plate spacing on the physical properties of an inter- 
cooler when the operating conditions are held constant, the 
weight and dimensional characteristics of a plate-type inter- 
cooler are plotted in figure 6 against plate spacings for 
G s/ S i = and 0.50 for t;ie case of tvjrbulent and laminar 

flow. The plate thickness is taken as 0.G1 inch, and the operat- 
ing conditions are 



T}j -percent , S5 

V M 2 >;* , . . . 2 

c x Ap.p , inches of water , 3 

av " 3. 

o Ap, , inches of water 6 

2 av V 
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The freight and the dimensional characteristics wore calculated 
first for a reference in tcr cooler, which has the roforcnco-plato 
spicirige S ! (for turbulent flow) and s 1 (for laninar flow) 

o x o 
equal to 0.25 inch and 0.10 ±mh. respectively. (See figs. 1, 4, 
and 5 and equations (13), (15), (IS) , (17), (19), (21), (22), and 
(23),) Figures 2 and 3 were uced to determine the variation of the 
physical properties of the intercooler with spacing for a plate 
thickness of 0.01 inch. Ho corrections for separators were applied. 
The Reynolds number of flow end the ratio of the total pressure drop 
to the friction pressure drop for an intercooler with "blunt entrance 
and exit sections are also plotted in figure 6. In the caloulat ions 
for the total pressure drop the heating pressure loss, or gain, which 
is a function of the air temperatures ir. the intercooler, was not in- 
cluded . 

Table I gives representative values of the entrance-exit loss, 
the velocity- prof tie loss, and the heating pressure loss or gain 
for an intercooler with blunt entrance and exit sections. The 
volocity-prof ilo pressure loss is given in torus of the friction 
pressure drop. The entrance-exit pressure I03S and the heating 
pressure less or gain are given as functions of the velocity- 
profile loss because of the reduction in the number of variables 
involved. The heating pressure change (duo to the nomontun change 
of the air flow} is a pressure drop '/hen the air is being heated 
and a pressure gain when the air is being cooled. When the inter- 
cooler entrance and exit ooctior.s are strcarlinod, the entrance- 
exit pressure loss is eliminated and the velocity-profile pressure 
loss and heating pressure loss or gain are reduced. 

During actual intercooler operation, the pressure difference 
between the charge air and the cooling air across each plate causes 
tho plates to deflect. In order to reduce plate deflections, 
intermediate separators are used. The number of separators required 
for a given permissible deflection will depend on the maxiirjn "pres- 
sure difference across each plate and on the plate material and 
thickness. Proper allowances should be nadc for separators in 
the determination of the intercooler dinensions and weight. 
Those allowances are given in table II in the fom of correc- 
tions to be applied to the weight and to t&e dinensional char- 
acteristics of a plate-typo intercooler that is assumed to have 
no plate separator strips. An oxuuplc of the application of 
these corrections is giv^n in appendix D. 
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An increase in the resistance of the plates to bending can 
"be achieved by the utilization of curved plates. A reduction in 
the number of separators can thus he obtained. Curving the plates 
increases the heat transfer and the pressure drop of the air flow- 
ing along the plate curvature, References 3 and 6 show these in- 
creases to he small for the range of plate spacings and radii of 
curvature used in plate- type intercoolers. 



Kesult3 of Test3 of the 2.3- by 4.3-Inch Unit 

The performance data of the 2.3- by 4. 3- inch test unit pre- 
viously described are shown in figure 11. The quantity Ap x 

av 

is plotted against a 2 Ap 2 for various values of rj. Figure 11 

av 

also includes a plot of 1L/Y against cr Ap and of M 2 /w 

1 av 
against a Ap . The dimensions in the direction of air flow 
2 av 2 

and the intercooler weight per unit width are also giveru The 
data given in this figure apply to any width of intercooler, 
provided that all other dimensions remain constant. 

The performance chart [figure 11) may he used to determine 

the performance of the intercooler in the following manner. For 

a fnven value each of a Ap and ri a value of a Ap may 

fc3 " i „ 1 2 2 

a v 

he read at the bottom of the chart. For this value of o 2 Ap 2 

av 

the corresponding value of ML/w may be road at the right of the 
chart by the use of the long-dash curvo. In a similar manner the 
short-dash curve may bo used to find the value of M^/w corre- 
sponding to the given value of a Ap, . 

av 

In any specific application the approximate value of o Ap 

av 

is known from the atmospheric conditions and flight speed. The 
required value of cooling effectiveness is determined from the 
known supercharger outlet temperature and required intercooler 
outlet temperature. The other quantities are road from the figure 
in the manner described. The quantity M 2 is known from the en- 
gine horsepower and therefore the intercooler width w, weight 
\t $ and cooling-air weight flow M , can be readily computed. 
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The general characteristics of the 2.3- by 4.3-inch inter- 
cooler tosted are compared With those of two Airesearch and three 
Harrison intercoolers in figure 12 for a value of o 1 

av 

equal to 4 inches of water. The basis for this method of compari- 
son is discussed in reference 1. It may he seen that cooling is 
accomplished by the intercooler of these tests and by the commer- 
cial types in the same general range of charge-air pressure drops 
and required cooling air. In volume, the intercooler tested is 
much lower, and in weight the frontal area, generally higher than 
the commercial types. The outstanding advantage of the intercooler 
tested is its small volume. Its disadvantage in weight can be 
materially reduced if narrower separator strips are used. The 
separator strips in this test specimen were unnecessarily wide 
and had a weight equal to 71 percent of the weight of the heat- 
transfer plates. If the plates and separators had been bound 
by welding instead of by soldering, further reduction in weight 
would have resulted. 

In figure 12 it is seen that the width w of the intercooler 
tested is much greater than that of the commercial types but the 
dimensions in the direction of air flow are considerably less. 
The resulting general shape and the smaller volume of this inter- 
cooler make for convenient installations in wing3 or cowlings. 
The large width offers no special difficulty as the intercooler 
may be installed as a number of parallel segments. 

The intercooler tested is merely illustrative and other 
proportions may allow more convenient installations. 

Figure 13 gives the experimental values of the cooling 
effectiveness of the intercooler unit plotted as a function 
of the Reynolds numbers of the charge-air and cooling-air flows. 
From this plot can be determined the relationship governing the 
transfer of heat for the test-flow conditions encountered in 
this investigation. It has been previously mentioned that the 
coolin? effectiveness of a cross-flow intercooler is a function 
of ujvi 2 and tfty/kgC (See fig. 1.) The charge-air and 
cooling-air weight flora, Ms and Mi, can b* evaluated in 
terms of their respective Reynolds numbers from the toown air 
temperatures in th„ intercooler and the known intercooler di- 
mensions. From the experimentally determined values of tj, 
|| 1J and Kg given indirectly in figure 13 and the curves in 
figure 1, the torn (UA r ) can be evaluated for each toct condition. 
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If the Nusaelt numbers 



hid! 

lei 



and 



of the two flows are 



asstmed to "be some unknown function of Reynolds number, they can 
be determined only for equal Reynolds numbers of the charge-air 
and ccoling-air flows. Under this condition 



If this expression for h 2 is substituted in equation (41) of 
appendix A, the Nuaselt ' nuBtber is given by 



The ITusselt nvmbers were thus determined for the four points of 
equal Reynolds number of Charge and cooling air shown in figure 
13 and were plotted against the Reynolds number, as shown in 
figure 14, by the solid curve. The horizontal dashed curve in 
figure 14 represents the heat-transfer relationship for laminar 
flow given in reference 4 and the dashed curve with the slope of 
O.G represents tfce relationship for turbulent flow given in refer- 
ence 5, page 172 . The experimental curve appears to join the 
curve for laminar flow and to .approach the curve for turbulent 
flow very satisfactorily in both slope and absolute value. 

By means of figures 1 and 14 the cooling effectiveness of 
the intercooler unit was computed for each test condition. The 
results are Shown by the dashed curves of figure 13. The agree- 
ment with experimental values at all Reynolds numbers is quite 
satisfactory. 

In figure 15 the charge-air and the cooling-air pressure 
drops across the intercooler test unit are plotted against 
Reynolds number. The solid curve joins experiinenta]. points 
obtained from cold runs on the intercooler unit and chocked 
by data from/heating runs. The long dashed curves and the 




or 




(WV a ) 
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short dashed curves were computed for laminar and turbulent flow, 
respectively, and include the surface-friction, the entrance- 
exit, and the velocity-profile loss. Figure 15 shows that, for 
intercooler operation in the transition region - for example, 
for Reynolds numbers between 2C00 and 3000, the computed pressure- 
drop values for Laminar flow are not very much different from the 
values for turbulent flow. For this reason, the region of transi- 
tion is not clearly defined in the experimental curve. As a 
whole, there is fair agreement "between the experimental and the 
computed pressure-drop values. 

CONCLUSIONS 



1. For a given set of operating conditions, which include 
cooling effectiveness, air- weight flows, and air- friction pres- 
sure drops, a reduction in plate-type intercooler volume can he 
made at the expense of increased intercooler width by decreasing 
the intercooler plate spacings and plate dimensions. 

2. For a plate spacing of 0.10 inch or greater and for a 
given set of operating conditions in the range of practical 
interest, the intercooler volume is greater if the air flows in 
the intercooler passages are laminar than if the air flows are 
turbulent. As the plate spacing is reduced, the volume required 
for laminar flow approaches and eventually "becomes less than 

that required for turbulent flow, the spacing at which the volumes 
are equal being a function of the operating conditions. 

3. The dimensions of a plate-type intercooler that satis- 
fies a definite set of operating conditions can be determined 
with fair accuracy for any plate spacing. 



Langloy Memorial Aeronautical Laboratory, 
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IFxEIVATICN Of EQUATIONS SHOWING THE RULATTON BETWEEH 
THE DIf'EITSIOJyjL Arm T EIG-HT CEVRACTERISTICS 
M® TBS OPEPATIKG COEDITIOITS 



If the theiTial reaie-tanoe oX' telle intercocler aieteal is neg- 
lected, the over-all heat -transfer coefficient is given try 

1 1 / 1 A \ 

— ] (41) 



A / 



Trie charge-ear weight flow is &iven Vj 

«L = p.7.:;z 3 j (42) 

and the effective heat-transfer area on the charge-air side by 

A 4 = miJ*fi M (43) 

?ron equations (42) and (43) 

iS.JSCjfettl (44) 
a, 2 VH,y 



Similarly, 



I 2 p{V 



"£)L_ (45) 



S J 2 ^» 
The intercooler volurie may be expressed ai 



t • -JL (*.♦■■- 4 8t) (46) 

9>TT 
€Zl 2 



the intercooler width as 



'•TT (47) 
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the intercooler frontal area as 








(48) 


1 


and. the intercooler weight as 






A3 A 2 / \ a 2 A 2 * n b 1 

w - r + p n r i 1 - + p m r I 1 - J 1 j ir 

2 '2 s '' "2 v 


(49) 




For turbulent flow 






1 § 

T - 0.0172 r (■— ) 

1 

6 — 


(50) 






(51) 




From eqvat ions (44), (oO) , and (51} 






p B £ 
0.01721:^ /10.4cp.^7 fa M Ap f Y 7 \ 

h = ° 1 ! ; i ~ aY K i 

a B \ 0.0654/ / vi -L_A ' 


(52) 




similarly 






0.0178k, 40.4gp o \ 7 fa Ap f V /2ll lX 7 
h - 1 | 0 i V l av *ij / 

1 2 V 0.0854' / \JL \L A / 


(53) 




By definition 






A p " it 

2 O 


(54) 




Then, from equations (52), (53), and (54) 






£ 1 T _ 5 2 , s 

A h., ™ Z^-r^Vf / L ^ ^7 /ir 
1 1 _ p * / a \ [ - ( j j ( ! 

Ah \s r / \K ' \L ■■' ' v k ' Si / ' 
22 s 1 i' 2 1 2 1 


(55) 


a 



2S 



For any practical range of intercooler operating temperatures 

6 

the term ( in equation (55) differs from unity by a 
negligible amount. This term will therefore be replaced "by unity. 
The substitution of equation (55) in equation (41) give3 



1 

MI 



r 

h A nr./ XK ) VL^J 



^2 A 2 



From equations (52) and (56) the solution for A^/M is 



7 

5 



tl = f°-°-^2 Z \ ( °p N f N 5 / L 3 \ 
5T U X 10*4gpJ lo.0172k^) \ r 2 s i; \o z tVf) 



(56) 



L. J 



(57) 



The substitution of equation (51) in equation (44) gives 



Z 2 /10.4cp o \ 



\ 1 4 



1 4 



5 
n14 



i 5 \2M „ / 2 ,q.v I aJ 



0.0854/ J, 5 ^ z > \ *av 



(58) 



6 1 

The ratio — can be similarly found and expressed as 

"1 



Z /b 

2 2 



L K 

2 1 
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As in the previous case, in the practical range of tempera- 

i 

tures, the tern can "be replaced "by unity. 

V 9 x 



For laminar flow 



kg = 5.8r (60) 



The friction factor for flow between parallel flat plates of 

itafinite width is where s la the perpendicular distance 

2pVs 

"between the two plates. This friction factor can he used, with 
S ood accuracy for flow through rectangular channels. (See refer- 
ence 3 . ) 



Thus , 



- = _MH_ pTr 1 (31) 



The substitution of equations (54) and (60) in equation (43.) 

gives 

2_ - !a fh + l£^ N i (62) 

The solution for A /M is, then, 

J* _ (Is ♦ iSS) ( 6 3) 

M 2 \3.8 kj Vr 2 / \Jl 2 c p ns 1 r^S^' 
The substitution of equation (44) in equation (SI) results in 

(64) 
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and 



l z /l0.4gp o Y A 2 L 3 Nf ,B a f > J 

= I. I } \ ! l°2 "Pf I (65 J 



The ratio lj/s. can "be similarly fotuid and expressed as 
%Jb* Vs J vj; l /' \r / XM V > 

S' 2 Z 2 2 1 1 *1 



Equations (57), (58), and (59) for turbulent flow and equa- 
tions (63), (35), and (86) for laminar flow, together with equa- 
tions (46) tc (49) and firure 1 give the weight and dimensional 
characteristics cf a plate-type intercooler in terns of the plate 
epacings) plate thickness, and intercooler operating conditions. 
The effect of plate spacers cn %m intercocler weight and on the 
dimensional charac': err' s JtOjB is accounted for in these equations 
by the substitution of the proper valuer; of r, J, IC, and L. 

In the Analysis the foregoing relatione are civen for a 
reference intercooler (equations (12) to (17) for turbulent flow 
and equations (IS) to (23) for laminar flow), which is defined 
as a plate-type intercooler having the following characteristics: 

1. Charge-air and cooling-air plate spacings (b 1 and s 2 ) 

equal to a reference spacing 

2. Zero plate thickness (t = o) 

3. Ho plate separators (r a J = IC = L = 1) 

The variation of the intercooler weight and of the dimen- 
sional characteristics as the plate spacing and plate thick- 
ness vary from the reference caee is then given for constant 
operating conditions (equations (25) to (30) for turbulent flow 
and equations (31) to (36) for laminar flow). The correction 
factors due to the effect of plate separators are given in 
table II, 



32 



APPENDIX B 

ILLUSTRATION OF PLATE-TYPE HJTEPCOOLER DESIGN 

Operating Conditions 

Let it "be supposed that a plate- type inter cooler is to "be 
designed for the following set of operating conditions: 

(1) r\ y percent 70 

(2) IJ - lb/sec 4.4 

(3) l<l v /l\ 2 2 

(4) o Apf , in. water 3 

^•av i 

(5) a Ap. , in. water 6 

2 i } 

m 2 

The intercooler width is assumed to be limited to approxi- 
mately 50 inches. 

Design Procedure 

The charge-air and the cooling-air flows are assumed to he 
turbulent. This assumption can be checked after the design is 
completed. 

(6) From items (3), (4), and (5) 

e = 25 1 = i 

M a a 2 Ap f 
av 2 

(7) From figure 4(a) and items (1), (3), (5), and (6) 



q 

— a 28,800 sq in. /lb/sec 
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(8) From equation (13) and item (7) 



J2 = 7200 cu In. /lb/ Bee 

2 



(9) From figure 5 and items (o) and (7) 



—2 = 477 



(1C) From equation 0-5) and items (3), (8), and (9) 

— ° = 238 

% 

(11) From equation (16) and items (7), {9), and (1C) 

^2 » 1.015 in./l'b/seo 

(12) If w ■ 50 in., from items (2) and (11), 



w Q 1.015 X 4.4 



= 11.2 



Let c 2 /s 1 s 1 and t =0.01 in. 

(13) Then, from figure 2(a) and itfm (12) 



s a 8 =0.04 in. 

1 2 



As a result, 



(14) JL e 0.14 
v o 



(15) 



T-2 / B 2 l l / S l 

O O O O 



s 

r= = 0.7Q 
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The interooo.ler dimensions nay then be given as follows: 

(16) Iron items (2), (7), and (15) * 

S = 38,700 sq in. 

(17) From items (9), (13), and (15) 

l z = 13.35 in. 
(10) From items (10), (13), and (13) 

1^ = 5.63 in. 

(19) From items (2), (8), and (14) 

v = 4435 cu in. 

(20) W m 50 in. 

The charge-air and. cooling-air Eeynoids numbers can now "be 
calculated and are fovnd to "be approximat ely 220^ and 2500, 
respectively. The flews are then in the transition region and 
are probably turbulent, as previously assumed, because of the 
turbulence existing in the entrance ducting and induced at the 
sharp-ed^ed entrances of the intercooler. 



Corrections for .elate Separators 

It is further assumed that separators are placed approxi- 
mately 1 inch apart in the char%o-air and in the cooling-air 
passages and that the Intermediate and end separators have a 
Width of 0.04 inch and 0.00 inch, respectively. There will 
then he .14 separators for each cocling-air passage and 7 separa- 
tors for each charge-air passage. 

The tei-^rs v 9 J, Y. y and L are defined in the Symbols 
as functions of the intercocler dimensions and of the plate- 
soparator dimensions and arrangement. 

i\ = r 2 = 1.04 



J, = 



_ 13.55 - (12 X 0.C4) - (2 X 0,08) 



15.3: 



= 0.952 
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t 6.66 - (5 X 0.04 ) - (2 X 0.08) h QAr 
j = ■ — ~ s = 0.946 

• 6. DO 



For a fin effectiveness of 100 percent, 



K = 12.7-1 + (15 X 0.04) m 0#991 
1 13.55 



a 6.30 + (5 X 0.04 1 „ 0.982 
* o.oo 



[■hen, 



L = 0.P60 
i 

L 0 = 0.S64 

The substitution of r- IC, and L in equation (37) gives, for 
s a /s = 1 and 6 = 1 (item 6), 



v., = 1.008 
\j 

The correction factors are r^iven in table II as functions 
of r, J, K 9 L| and ty. , The corrections may then be given 
as 

S 1.01 

0.96 

I 0.93 

v 1.01 

W 1.10 

Theae corrections nay "be applied to the dimensions of the inter- 
cooler with no plate separators (items (16) to (20;). 

Then, 



(21) S = 89,600 sq. in. 



(22) Z 2 


= 12.8 in. 


(23) I 

1 


=3.4 in. 


(24) v 


= 4479 cu in 


(25) w 


= 55 in. 



If s 2 /b 1 had been chosen as 0.50 instead of 1.00, the 
values of l x and i would "be approximately equal. 

Total Pressure Drops 

Table I gives the velocity profile, the momentum, heating, 
and the entrance-exit losses in terms of 7/c, f, (B , and K. 

(26) From iter.: (22) for s 2 = 0-04 in. 

■ = ^ju VJ 

(27) From item (23) for s 1 m C.C4 in. 

2, 

_i = 150 
s 

i 

(28) For 3 1 = s 2 = 0.04 in. and t = 0.01 in. 
f. = f a = 0.4 approximately. 

J. o 

The term p is a function of the entrance and exit tempera- 
tures of the air f loving through the intercooler. Let it be as- 
sumed that the entrance temperatures are 850° and 50° F for the 
charge and the cooling air, respectively. 

Then, 

(29) From item (l) the charge-air exit temperature is 

250 - 0.70(250 - 50) = 110° F 
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(30) From items (3) and (20) the cooling-air exit tempera- 
ture is 

250 I 110 + 50 = 120° F 
2 

therefore, 

(31) p 2 = -0.20 

and 

(32) p x = 0.14 

From table I for the charge-air and cooling-air Reynolds 
numbers of about 2200 and 2500, respectively, 



(33) Ap v Mp f = 0.013 

' 2/ 2 
/ 

/ 

(34) Ap v &p+ = 0.02S 

1/ *i 



(35) Ap H jA Py _ = -4.4 



2 '2 



(3G) Ap E 4p =3.1 
"1/ l 

(37) Ap e /kp v = Ap e /ap v =7.8 

7 £ V 1 



Therefore , 

(36) From items (5), (33), (35), and (37) 

o Ap - 6.3 in. water 
2 av 2 

and 

(39) From items (4), (34), (36), and (37) 

Ap =3.9 in. vater 

"av 
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TABU 



W^CTIY-imOJ'm: . HEATING, AND ENTRANCE-EXIT IRESSUEE 
CHANGES OF A PLATE-TYPE 3OTEKCO0LER 



fTlie ratio of r = 



2s 



Ls assumed equal to unity. 



This assumption introduces very negligible error.] 



VELOCITY-PSOFn.S LOSS, Ap v /Ap f 



E ! Typi 



xA 



100 



L50 



Ox 



flow 



200 



250 



300 



2,000 

5,ood 

10,000) 

sod 

1,000! 
2,000| 



Turbulent 



Lamia 



3.042 1 


0.028 i 


0.021 


0.017 


0.014 


• 'w < J, j 


.034 j 


. 020 


.020 


.017 


.030 


.039 j 


.029 


.023 


.020 


.057 i 


.038 ! 


. 023 


. 023 


.019 


.114 


.070 


.057 


.046 


. 033 


.228 i 


.152 i 


.114 , 


. 081 , 


.076 



Pre sa. ire change caused by iriomQntym change resulting from 
ing or cooling, Ap-r/£p v ( *) 
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Sr.trance-ezit loss, Ap 6 /ap. 



Type 
of 
flow 



0.2 



0.4 



0.6 



Turbulent 
Laminar 



11.3 
1.8 



7.8 
1.0 



4.7 
.33 



The expression Ap-r is a pressure drop when 3 
and a pressure gain when 6 is negative. 



is positive 



TABLE II 

CORRECTION FACTORS DUE TO EFFECTS 01 PLATE SEPARATORS 
ON WEIGHT AMD DIMENSIONAL CHARACT1R2STICS 
OF A PLATE-TYPE IMTEECOOLEK 
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TABLE III 
U^mCOCLER TEST C<fflD3TZ@K3 



Tost 
series 


Rate of charge- 
air flow 

(lb/sec) 


Sate of cooling- 
air flow 

(ib/sec) 


Temperature 
of charge 
air at 
entrance 

m 


1 


0.0174 to 0.0173 


Varied from 
0.0148 to 0.1033 

in 6 steps 


273 to 305 


2 


.0254 tc .0251 


Varied from 
0.0148 to 0.1026 

in 8 steps 


277 to 299 


3 


.0335 to .0340 


Varied from 
0.0147 to 0.1037 

in 8 steps 


275 to 295 


4 


.0413 to .042 5 


Varied from 
0.0143 to 0.1056 

in 8 steps 


280 to 234 



TABUS IV 



EFFECT Or THE TYPE 0? ILOW OK H3TKRC00LEE VOLUME 
FOR EQUAL OPEE&TINCr COInIDITIOITS 

: a,., Apf m 6 in, vater; 0 = 0.25; % = 0.05 ! 

j av 2 * J 
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1 i 


Ratio of volume 
to volume for 


for laminar flow 
turbulent flow 
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Figure 1.- Cooling effectiveness for cross-flow intercoolers. 
(Data from reference 2.) 
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Figure 5. 
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Relation between length- spacing ratio and 
plate area for a reference intercooler. 
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Figure 2.- Variation of olate-type intercooler weight and dimensional characteristics 



with plate spacing for constant operating conditions (n 
^2 av A Pf 2 ). Turbulent flow. 
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(Subscript 0 
with a primed 
symbol refers 
to a reference 
intercooler 
which is 
defined as one 
having equal 
values of si 
and S2, t = 0, 
and no plate 
separators. 

S lo' = s 2 0 ' = 
0.10 in.) 



(a) 82/si = 1.00 (b) 32 / Sl = 0 . 50 

Figure S.- Variation of plate-type intercooler weight and dimensional characteristics 
with plate spacing for constant operating conditions (n, Mi, Mo <r. An* 
Ap f ). Laminar flow. 1 * W n V 
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Figure 4.- Variation of reference-plate area with 
intercooler operating conditions, 
(a) Turbulent flow; ( b) Laminar flow . 
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(a) Sg/s^l.OO **** ( b ) ?2 / Sl =o.50 

Figure 6.- Comparison of intercooler characteristics at a given operating condition for turbulent 

and for laminar flow, effect of plate separators not included. Mi/M 2 =2; n=65 percent' 
^lav^Pfi^ lnches of wate ^; %/p f =6 inches of water; t=0.01 inch. 
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Figure 11.- Performance chart for the 

plate-type intercooler test 
unit. W/w, 1.20 pounds/inch; U 9 2.25 
inch; l 2 = 4.30 inches. 
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Figure 12.- Comoariron between 

plate-tyoe intercooler 
test unit and commercial 
intercoolers; CJ l av A P]^> 4 inches of 
water . 
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Figure 13. -Variation 

of cool- 
ing effectiveness 
with Reynolds num- 
bers of charge-air 
and cooling-air 
flows. 
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Figure 15.- Pressure drops 
the plate type 
cooler test unit. 
Figure 14.- Heat trans- 
fer in. the 
plate type intercooler 
test unit. 
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